Glycerol transport is commonly cited as the only example of facilitated diffusion across the Escherichia coli cytoplasmic membrane. Two proteins, the glycerol facilitator and glycerol kinase, are involved in the entry of external glycerol into cellular metabolism. The glycerol facilitator is thought to act as a carrier or to form a selective pore in the cytoplasmic membrane, whereas the kinase traps the glycerol inside the cell as sn-glycerol-3-phosphate. We found that the kinetics of glycerol uptake in a facilitator-minus strain are significantly different from the kinetics of glycerol uptake in the wild type. Free glycerol was not observed inside wild-type cells transporting glycerol, and diffusion of glycerol across the cytoplasmic membrane was not the rate-limiting step for phosphorylation in facilitator-minus mutants. Therefore, the kinetics of glycerol phosphorylation are different, depending on the presence or absence of the facilitator protein. We conclude that there is an interaction between the glycerol facilitator protein and glycerol kinase that stimulates kinase activity, analogous to the hexokinase-and glycerol kinase-porin interactions in mitochondria.
Glycerol uptake is usually cited as the only example of transport by facilitated diffusion across the Escherichia coli inner membrane. Glycerol, like other small uncharged molecules, can cross the cytoplasmic membrane by passive diffusion. However, at low concentrations of glycerol, cells limited to passive uptake have a growth disadvantage (28) . It was shown that there is a protein-dependent uptake system for glycerol (29) . This uptake system is induced by growth in the presence of glycerol or sn-glycerol-3-phosphate (G3P), repressed by growth in the presence of glucose, and constitutive in a gip regulon repressor mutant (29) . Phosphorylation of cytoplasmic glycerol by glycerol kinase prevents the glycerol from passively exiting the cell and is the first step in metabolism (13) . The resulting G3P also serves as a precursor for phospholipid synthesis. It was reported that some polyhydric alcohols, such as ribitol, as well as unrelated small, nonpolar molecules like urea and glycine, are substrates of the glycerol facilitator (14) . The transport of these substrates is independent of phosphorylation, because they are not substrates of the glycerol kinase. Because of this broad substrate specificity as well as temperature insensitivity, the glycerol facilitator was described as a channel in the cytoplasmic membrane rather than a specific carrier protein (14) .
The gene encoding the glycerol facilitator is located in the 88-min region of the E. coli chromosome (2) . It is organized in an operon with the structural gene for glycerol kinase (4, 8) , with glpF being the promoter-proximal gene (33) . A third member of the operon, glpX, distal to glpK, was recently discovered (38) . The expression of this operon is catabolite sensitive (11) . The gipF gene product was identified as a membrane protein with an apparent molecular weight of about 25,000 (33) . This is consistent with the calculated molecular weight of 29,727 predicted from the DNA sequence (23) . The glpFKX operon belongs to the gip regulon (most recently reviewed in reference 19) . The gene products of the gip regulon participate in the uptake and metabolism of glycerol, G3P, and glycerophosphodiesters. The genes * Corresponding author. and operons of the gip regulon are under negative control of the GlpR repressor protein (7, 30) . It has recently been reported that gipF has a high degree of homology to other integral membrane proteins of bacterial, plant, and animal origin (3) . These proteins have been grouped together as a new family of integral membrane proteins, the so-called major intrinsic protein family (25) . The functions of most of these proteins are unknown, but because of the similarity to GlpF, roles in solute transport are being considered.
Glycerol kinase is believed to be the pacemaker for the dissimilation of glycerol (40) . The active enzyme is a tetramer (35) of identical 56,106-Da subunits (26) . The enzyme has been purified (35) , and its catalytic properties have been investigated. The Km for glycerol was 10 p.M, and the Vm. was 10 jxmol/min/mg of enzyme (36) .
We set out to characterize the mechanism of glycerol transport by the facilitator protein, allegedly the simplest of bacterial transport systems and completely different from active transport and phosphotransferase system-mediated transport systems. Our data suggest that effective glycerol uptake and utilization rely on the interaction between the facilitator protein and glycerol kinase, with the phosphorylation reaction being stimulated by this interaction. This activation of GlpK by GlpF would be similar to the hexokinase-and glycerol kinase-porin interactions in mitochondria, in which kinase is activated upon interaction with mitochondrial porin (5) . An interaction between GlpF and GlpK has been previously postulated (15) .
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in this study are listed in Table 1 . P1 transduction was performed as described by Miller (22) . The DNA methods used were from Maniatis et al. (20) and Silhavy et al. (32) . Strain GD248 was constructed by using the glpK::lacZ fusion of strain GD32. The glpFKX operon was deleted by using Xpl081.1 and the method described by Garrett et al. (12) . The deletion was 1088 VOEGELE ET AL. 
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This study a All strains are derivatives of E. coli K-12. glycerol after transformation with a glpK' plasmid. Neither the facilitator protein nor the kinase is detectable in strain GD248 by Western blots (immunoblots).
Growth. For the different transport assays, the strains were grown in minimal medium 9 (M9) (22) containing 0.4% Casamino Acids (Difco Laboratories) with 2.5 mM G3P (5 mM DL-a-G3P; Sigma Chemical Co.) for induction of the gip regulon.
Glycerol transport assays. Transport assays were performed either by filter assays or by centrifugation through silicon oil (14) . These tests were carried out by using logarithmic-phase cells. (28) , the extracts were diluted to a protein concentration of 2 mg/ml. The assay mixture contained 60 mM Tris-HCl (pH 7.5), 10 and GlpK. In the case of a mutation in gipF or glpK or in a double mutant, the signal is too small to be measured. Increasing the cell density results in very long times for filtration and washing, which are not appropriate for transport measurements.
When centrifugation through silicon oil, which necessitates high cell densities, is used, there is a clear difference between equilibration of glycerol across the membrane, measured in glpK strains, and slow accumulation due to phosphorylation of the glycerol entering the cell by passive diffusion, measured in a gipF glpK+ strain. In addition, 3H20 is present in the assay and ratios of substrate to water, both intra-and extracellular, are determined such that values slightly over equilibrium are detectable.
The most interesting results came from comparison of a gipF mutant with the wild type (Fig. 1) . The gipF glpK+ strain GD173 showed a much slower accumulation of radiolabel than strain MC4100 (glpF+ glpK+).
The fact that gipF strains show much lower glycerol transport rates has traditionally been attributed to the difference between passive diffusion and facilitated diffusion. In other words, inglpF strains passive diffusion was believed to be the rate-limiting step in the metabolism of glycerol.
In our experiments, equilibration of glycerol, indicated by a ratio of 1, was observed in glpK strains within the 30 s that elapsed before the first time point, even at the lowest glycerol concentration tested (90 nM). This was independent of the presence or absence of the glycerol facilitator (GD248, gipF; GD202, glpF+). The fact that glpK strains showed equilibration of glycerol within 30 s was the first indication that diffusion of glycerol across the cytoplasmic membrane may not be the rate-limiting step for the observed phosphorylation in the glpF mutant. It is clear that the amount of glycerol bound to the cell surface was negligible, because the ratio of (14C/3H)inside to (14C/3H)outside would then be >1. Similar rates for passive diffusion of glycerol through the cytoplasmic membrane (half-equilibration times of 10 to 20 s) were obtained by others using other techniques (9) .
The glpF+ glpK+ strain MC4100 showed a ratio of (14C1 3H)inside to (14C/3H)outside of 80, which was constant over the 5-min sampling period, indicating that almost all of the offered glycerol had been taken up within the initial 30 s. These measurements were repeated at higher glycerol concentrations, varying the amount of unlabeled glycerol but keeping the amount of ('4C]glycerol constant. Strain GD173 (glpF glpK+) showed a decrease in accumulation of 14C radiolabel with increasing glycerol concentrations (Fig. 2) . Figure 2 shows the ratio of (14C/H)inside to (14C/3H),,tsid, This experiment allowed us to estimate an apparent Km of about 5 ,uM for glycerol uptake by strain GD173, reminiscent of the Km for glycerol kinase of 1.3 ,M measured in vitro in cell extracts (13) or 10 ,uM as measured for the purified enzyme (36) . The fact that the uptake of glycerol in strain GD173 is half-maximally saturated at micromolar concentrations that are similar to the Km of phosphorylation by glycerol kinase in vitro demonstrated that phosphorylation rather than passive diffusion is the rate-limiting step in glycerol uptake under these conditions in a glpF glpK+ strain. With this test, the Km could not be determined accurately because at higher glycerol concentrations the ratio of 14C to 3H declined and increased the error. Km therefore not be determined with this method, which necessitates the use of high cell densities.
However, it is obvious that the rate of glycerol uptake (equivalent to phosphorylation) has to be much higher in the glpF+ glpK' strain MC4100 than in the gipF glpK' strain GD173. Therefore, either GlpF mediates active transport and most of the label that is accumulated represents free glycerol or GlpF stimulates the activity of glycerol kinase. In order to distinguish between the two possibilities, it was important to look for free glycerol in the cytoplasm of cells rapidly transporting glycerol.
Analysis of metabolites. Centrifugation of cells through silicon oil into TCA prevented further metabolism of transported glycerol in addition to separating cells from incubation mixture. Such TCA extracts were subjected to thinlayer chromatography followed by autoradiography. Figure  3 shows that free glycerol could not be detected in the wild-type strain MC4100. In contrast, in strains GD202 and GD248, both lacking glycerol kinase but one containing and the other one not containing GlpF, equal amounts of free glycerol could be detected (Fig. 4, lanes E and F) . Thus, even in the absence of GlpF, glycerol can equilibrate through the membrane within 30 s, the time required for the first sampling by this technique. In strain GD173, containing glycerol kinase but lacking GlpF, free glycerol could still be detected, although in smaller amounts than in the glycerol kinase-free strains (Fig. 4, lane D) . In addition, metabolic products could be observed in this strain as well. Apart from the much lower total amount of metabolites in the gipF strain GD173 than in the wild-type strain MC4100, their patterns appear not entirely identical (Fig. 4, lanes C and D) Fig. the internal G3P spot became more prominent and was subject to turnover at longer intervals (data not shown). Quantitative analysis of the total amount of radiolabel incorporated by the different strains revealed that glycerol was still present in abundance in the incubation medium of strains GD173 glpF glpK+), GD202 glpF+ glpK), and GD248 (ipF glpK). We found that the wild-type strain MC4100 had taken up 83% of the total glycerol during the 30-s incubation when glycerol was present at a concentration of 6.6 ,uM, whereas GD173 had only taken up 1.4%. Therefore, substrate limitation is not the explanation for the absence of G3P among the GD173 reaction products. Assuming that 109 cells have an internal volume of 1 pAI, the amount of glycerol detected in the glpK strains corresponds to equilibrium of the substrate.
Glycerol transport kinetics. The kinetics of glycerol transport in the glpF glpK+ strain GD173 were measured in modified silicon oil transport tests, omitting the 3H20. The rate of transport was measured at the five different glycerol concentrations indicated in Fig. 5A . The The Km is 10-fold lower than that for the glpF mutant, and the Vmax is 130-fold higher.
The observation that half-maximal saturation of glycerol uptake in a gipF glpK+ strain occurred at a micromolar concentration of glycerol, in the same concentration range as the Km of glycerol kinase activity in cell extracts, demonstrated that phosphorylation of glycerol in a gipF mutant is not limited by diffusion. Therefore, the Vman for in vivo phosphorylation in glpF mutants compared with that of a glpF+ strain must be due to an effect of GlpF on glycerol kinase, increasing the rate of glycerol phosphorylation significantly. For this conclusion to be correct, the amount of glycerol kinase as well as its kinetic properties, when measured in cellular extracts, must be identical in glpF and glpF+ strains (see below).
gipF mutants grow on glycerol, but the growth Km is on the order of 5 mM. Under these conditions, the flow rate of glycerol must be close to the Vmax observed in the wild type.
Obviously, this is in contrast to the low Km and Vm. values we determined for the gipF mutant. This can only mean that in the glpF mutant, there exists a second glycerol-utilizing system with a high Ki,, which is initiated by a reaction other than glycerol phosphorylation. Such a system would escape our measurements, which are limited by workable cell densities. Glycerol kinase kinetics. Glycerol kinase activity in extracts of MC4100 and GD173 was measured after sonification and ultracentrifugation. The kinetic parameters determined were essentially the same for both strains (Fig. 6 ). GD173
showed a Km of 27 ,uM and a Vma. nmollmin/mg of protein were determined. Thus, both the mutant and the wild type show the same kinase activity in vitro.
Making the assumption that 1 mg of total cellular protein corresponds to a cell number of 6.6 x 109 (22) and that the soluble fraction comprises approximately 80% of the total protein, the Vmax is 0.47 nmol/min/109 cells for strain GD173 This confirms our view that the observed difference in glycerol transport kinetics between the wild type and a gipF mutant must be the result of stimulation of glycerol kinase activity by its interaction with GlpF.
To verify that the amount of glycerol kinase was the same in the two strains, membrane and soluble cell fractions were analyzed by SDS-PAGE and Western blots probed with specific antibodies (Fig. 7A) . Glycerol kinase was present in the same amount in both strains. The distribution between supernatant and pellet was also the same, approximately 2:1. Western blot analysis was also used to show that the wild-type supernatant was free of glycerol facilitator (Fig.  7B) . GlpF was indeed present only in the membrane fraction. Centrifugation at 40,000 instead of 100,000 x g left about one-third of the total GlpF protein in the MC4100 supernatant but had no effect on the kinase kinetics. Our interpretation is that the GlpF-GlpK interaction is weak and hence is disrupted by dilution during preparation of the cell extracts. Glycerol kinase kinetics also were not changed by addition of purified GlpF. Attempts to demonstrate the interaction between the glycerol facilitator and glycerol kinase by using a variety of genetic and biochemical methods were unsuccessful.
DISCUSSION
We conclude that glycerol kinase activity is increased in vivo by the presence of the glycerol facilitator. Comparison of the glycerol transport kinetics of the wild-type strain and the glpF mutant shows that both the Vmin and the Km of the kinase are changed upon this interaction. The Km for glycerol was lowered from 50 to 5.6 p.M, and the Vma increased from 0.1 to 13.1 nmollmin/109 cells.
Passive diffusion of glycerol was not rate limiting to reach the half-maximal rate of uptake in the glpF mutant. After 30 s, the shortest time point, glycerol was equilibrated across the membrane in strains lacking glycerol kinase, whether or not GlpF was present (Fig. 4, lanes E and F) . In addition, since there is no significant difference between the Km of uptake in the gipF strain and the Km of glycerol kinase measured in cellular extracts, there cannot be a diffusion barrier for the in vivo phosphorylation under these conditions.
What then is the explanation for the increased uptake of glycerol in the glpF+ strain? No free glycerol was detected in the cytoplasm of wild-type cells transporting glycerol (Fig.  3, lane C) , and in cellular extracts, the same kinase kinetics of phosphorylation were found for both the gipF and the glpF+ strains. Therefore, the observed increased rate of uptake cannot be attributed to active transport by GlpF followed by a constant rate of phosphorylation by glycerol kinase.
Assuming that 1 mg of total cellular protein corresponds to a cell number of 6.6 x 109 (22) and that the soluble fraction comprises approximately 80% of the total protein, it becomes possible to compare glycerol kinase activity measured in vitro and glycerol transport kinetics measured in vivo. The Km of glycerol kinase in cellular extracts of both the gipF and the glpF+ strains was the same (around 30 1±M) and corresponds to the Km of glycerol uptake of the gipF mutant (around 50 p.M). The V of glycerol kinase in cellular extracts (0.47 nmol/min/10 cells for strain GD173
[glpF] and 0.58 nmol/min/109 cells for strain MC4100
[glpF+]) is somewhat above the Vma of glycerol uptake for the gipF mutant GD173 (0.1 nmol/min/109 cells) but well below the value determined for glpF+ strain MC4100 (13.1 nmol/min/109 cells). Thus, the only explanation for this apparent difference in kinase activity in vitro and in vivo is that glycerol kinase activity is increased by the presence of GlpF.
An interaction between GlpK and GlpF was postulated by Jin et al. (15) and Lin (19) . The existence of a GlpF-GlpK interaction awaits biochemical confirmation. Cross-linking experiments as well as attempts to demonstrate a GlpFdependent association of GlpK with the membrane have not yielded any positive results. Also, the activity of glycerol kinase was not observed to increase in the presence of inverted membrane vesicles containing GlpF. It appears that the kinase-facilitator interaction is weak and is abolished by cell disruption. On the basis of the concentration of glycerol kinase in the cell, the Kd of its binding to GlpF could be as high as 0.1 mM and still be effective. However, such a low affinity would be difficult to detect biochemically.
It has been reported that enzyme IIIGIc of the phosphotransferase system in its dephosphorylated form exerts inducer exclusion in the glycerol system by reducing the activity of glycerol kinase (27) . This effect must be augmented in vivo by the sequestration of glycerol kinase from GlpF.
It is well documented that kinases in mitochondria are activated by interaction with a membrane-bound component. Hexokinase and glycerol kinase interact with mitochondrial porin (5, 21) . It was shown that both enzymes occur in soluble and membrane-bound forms that are kinetically different (31) . For the mitochondrial glycerol kinase, the Km for glycerol was lowered, and the Vma. was increased upon interaction with the porin (16, 31) , as we observed for the E. coli glycerol kinase. Mitochondrial hexokinase and glycerol kinase were shown to competitively bind to the same structure (10) . It is thought that the distribution of these kinases plays a role in regulation of metabolism, because the binding of hexokinase and glycerol kinase to the porin is reciprocal and only in the unbound form are the enzymes sensitive to product inhibition (24) . The term "ambiquitous enzyme" was introduced by Wilson (39) to describe proteins that partition reversibly between soluble and membrane-bound forms with distinct kinetics.
The activation of the E. coli glycerol kinase by interaction with the glycerol facilitator appears to be analogous to the situation in mitochondria. We propose that GlpF activates glycerol kinase, rendering it insensitive to other effectors such as fructose-1,6-biphosphate (41) or enzyme IIGIc (27) . The increased catalytic activity would be of advantage for the cell even when external glycerol is abundant, suggesting an important role for the glycerol facilitator not only at low substrate concentrations.
It is surprising that despite the low level of activity of glycerol kinase in gipF strains, these strains grow on glycerol. It was reported by Richey and Lin (28) that these strains have a growth disadvantage. Lin (18) reported that strains lacking the glycerol facilitator need about 100-fold more substrate than the wild type (5 mM compared to 50 ,uM) to grow at a half-maximal rate.
In earlier publications, this was taken as evidence for a function of GlpF in glycerol permeation (28, 29) . Our explanation is different and awaits evidence. We argue that growth in a gipF mutant is due to an alternate utilization of glycerol that exhibits a growth Km of 5 mM and is not initiated by phosphorylation. The fact that the distribution of metabolites was different in the wild type and the gipF mutant (see Fig. 4 ) supports the idea that the metabolic routes in these two strains are not identical. For example, the relative proportion of G3P is higher in the gipF mutant. We envision that growth in glpF mutants is due to the last gene in the glpFKXoperon, glpX. All gipF mutants tested so far still expressed glpX (38) . Therefore, it cannot be excluded that the growth at high glycerol concentrations observed in glpF mutants is due to the function of GlpX. Asnis and Brodie (1) have isolated an enzyme that catalyzes oxidation of glycerol to dihydroxyacetone from wild-type E. coli. The Km of this glycerol dehydrogenase for glycerol was determined to be 10 mM (1) . The molecular weight was determined to be about 39,000 (34) , similar to that of GlpX (38) . 
